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We propose and demonstrate a method for measuring the joint spetrum of
photon pairs via Fourier spetrosopy. The biphoton spetral intensity is
omputed from a two-dimensional interferogram of oinidene ounts. The
method has been implemented for a type-I downonversion soure using a pair
of ommon-path Mah-Zender interferometers based on Soleil ompensators.
The experimental results agree well with alulated frequeny orrelations that
take into aount the eets of oupling into single-mode bers. The Fourier
method is advantageous over sanning spetrometry when detetors exhibit
high dark ount rates leading to dominant additive noise.
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Correlated pairs of photons are a popular hoie in
eorts to implement emerging quantum-enhaned teh-
nologies. Proof-of-priniple experiments have demon-
strated ideas suh as quantum ryptography,
1
quan-
tum lok synhronization,
2,3
quantum optial oherene
tomography,
4
and one-way quantum omputing.
5
In par-
allel with the expanding range of potential appliations,
the need to develop appropriate tools to engineer and
to haraterize soures of photon pairs is beoming ap-
parent. Among various degrees of freedom desribing
optial radiation, the spetral one is essential to a num-
ber of tehniques.
2,3,4
Also in other protools, based on
degrees of freedom suh as polarization,
5
the spetral
harateristis needs to be arefully managed in order
to ensure the required multiphoton interferene eets.
This demand has brought a number of methods to on-
trol the spetral properties of photon pairs by engineer-
ing nonlinear media and the pumping and the olletion
arrangements.
6,7,8,9,10
A development that is needed to
math these advanes is the ability to diagnose aurately
two-photon soures and to measure reliably their har-
ateristis. An important work in this ontext is the
reent appliation of sanning spetrometers to obtain
joint spetra of photon pairs.
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In this paper we demonstrate experimentally two-
photon Fourier spetrosopy as a method to measure the
joint spetrum of photon pairs. The setup is based on two
independently ontrolled Fourier spetrometers in the
ommon-path onguration. Suh an arrangement guar-
antees long temporal stability neessary to haraterize
weak soures of radiation operating at single-photon lev-
els. We show that the two-dimensional map of oini-
dene ounts reorded as a funtion of delays in two in-
terferometers an be used to reonstrut the joint spe-
trum of photon pairs. We present a measurement for
a type-I spontaneous down-onversion proess in a bulk
beta-barium borate (BBO) rystal, and ompare the re-
sults of the reonstrution with theoretial preditions.
An idealized sheme of the experimental method is pre-
sented in Fig. 1. The soure X produes nondegenerate
pairs of photons in distint spatial modes represented by
diverging lines. Eah photon is sent into a separate inter-
ferometer, where it is divided on a beam splitter BS into
two wavepakets subjeted to a delay dierene τA and
τB for the photon A and B. The two wavepakets inter-
fere on a beamsplitter BS and light emerging from the
output of the interferometer is deteted. A oinidene
event is reorded if both photons reah their respetive
detetors. The quantity of interest is the oinidene
probability pAB(τA, τB) measured as a funtion of the
delays τA and τB.
The measurement is arried out in the regime when the
response time of the detetor is muh longer than the
inverse of smallest bandwidth haraterizing the spe-
trum of the soure. Then the only relevant harater-
istis of the soure is the joint spetral intensity given
by 〈: IˆA(ωA)IˆB(ωB) :〉, where Iˆi(ωi) (i = A,B) are the
spetral intensity operators for the beams A and B,
and 〈: . . . :〉 denotes the quantum mehanial expeta-
tion value of normally ordered operators. For a pho-
ton with a well dened frequeny ω, the probability
of reahing the detetor is given by the standard ex-
pression (1 + cosωτi)/2. Consequently, the probability
Fig. 1. A simplied sheme of the double Fourier spe-
trometer applied to a soure X of photon pairs. The pho-
tons enter interferometers with independently adjusted
optial delays τA and τB and are ounted by detetors
DA and DB.
2pAB(τA, τB) of a oinidene event for a soure with an
arbitrary spetrum takes the form:
pAB(τA, τB) ∝
1
4
∫
dωA
∫
dωB 〈: IˆA(ωA)IˆB(ωB) :〉
×(1 + cosωAτA)(1 + cosωBτB) (1)
An example of the oinidene interferogram is shown in
Fig. 2(a). The two-dimensional Fourier transform of the
oinidene probability pAB(τA, τB) omprises the follow-
ing terms:
∫
dτAdτB pAB(τA, τB) exp(iΩAτA + iΩBτB)
∝ δ(ΩA)δ(ΩB)〈: NˆANˆB :〉
+
1
2
δ(ΩA)〈: NˆAIˆB(|ΩB |) :〉+
1
2
δ(ΩB)〈: IˆA(|ΩA|)NˆB :〉
+
1
4
〈: IˆA(|ΩA|)IˆB(|ΩB |) :〉 (2)
where Nˆi =
∫
dω Iˆi(ω) is the operator of the total pho-
ton ux in the ith beam, i = A,B. The rst term,
loalized at ΩA = ΩB = 0, is proportional to the to-
tal number of photon pairs. The two middle terms lie
on the axes ΩA = 0 or ΩB = 0, and have the shape
of the single-photon spetra onditioned upon the de-
tetion of the onjugate photon. Finally, the last term
ontains the sought joint two-photon spetrum. For op-
tial elds, these terms oupy distint regions in the
ΩA,ΩB plane and an be easily distinguished, as shown
in Fig. 2(b). It is helpful to trae the origin of the
four terms on the right hand side of Eq. (2) to the o-
inidene interferogram. The vertial and the horizon-
tal fringes generate the terms δ(ΩA)〈: NˆAIˆB(|ΩB |) :〉 and
δ(ΩB)〈: IˆA(|ΩA|)NˆB :〉, whereas it is the diagonal fringe
pattern that ontains information about the joint spe-
trum 〈: IˆA(|ΩA|)IˆB(|ΩB|) :〉. This denes the region of
the oinidene interferogram that needs to be sanned in
order to ompute the joint spetrum. It has the shape of a
tilted retangle outlined in Fig. 2(a). Let us note that the
grid spaing in a given diretion an be adjusted to the
harateristi sale of interferogram strutures. Spei-
ally, the grid an be sparse in the diretion parallel to
the fringes, while in the perpendiular diretion it needs
to be ne enough to resolve the osillations. Then the
Fourier transform of the experimental data overs the
region marked with a dashed retangle in Fig. 2(b), on-
taining the joint spetrum.
Our experimental setup is depited in the Fig. 3(a).
The photon pairs were generated in a 1 mm thik non-
linear BBO rystal in a type-I proess. The rystal was
pumped by 100 fs long pulses entered at 390 nm, 20 mW
average power and a repetition of 80 MHz. The ultra-
violet beam was foused on the rystal to a spot mea-
sured to be 155 µm in diameter. The rystal was ut at
29.7◦ to the opti axis, and oriented perpendiular to the
pump beam. Two Mah-Zender interferometers MZ1 and
MZ2 olleted down-onverted light at angles 1.28◦ and
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Fig. 2. (a) A typial oinidene interferogram as a fun-
tion of optial path dierenes τA and τB and (b) its
Fourier transform. The dashed retangle in (a) denes
the san range, whih with suitable sampling density
yields the region of interest in the frequeny domain, out-
lined in (b).
1.05◦. The photons transmitted through the interferome-
ters were oupled into single-mode bers dening the spa-
tial modes in whih the down-onversion is olleted.
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Finally the photons were deteted using single photon
ounting modules SPCM onneted to fast oinidene
eletronis and a PC ontrolled ounter board.
In order to ensure the stability of the interferomet-
ri setup over the entire two-dimensional san we used
a pair of ommon path Mah-Zenders, in whih the two
arms were implemented as orthogonal polarization om-
ponents while the optial path dierene was modulated
by a Soleil ompensator, as depited in Fig. 3(b). The
generated photons entered from the left, with their polar-
ization set to 45◦ by the half-wave plate HWP. Then the
photons went through a blok of rystalline quartz QP
with a vertial opti axis, and a pair of wedges QW with
horizontal opti axes. With this setup, the sign and the
value of the delay between the horizontal and vertial po-
larization omponents ould be aurately ontrolled by
sliding one of the wedges, mounted on the stepper motor
driven translation stage, into the beam. Finally the two
polarizations were brought to interferene using a seond
half-wave plate HWP and a polarizing beam-splitter P,
and the transmitted photons were oupled into a single-
mode ber F using aspheri lens L and deteted. We ver-
ied that for the spetral range of interest birefringene
dispersion ould be negleted and onsequently the de-
lays τi were linearly dependent on the displaements of
the quartz wedges. The quartz bloks used in the setup
allowed to vary the delays from −250 fs to 250 fs.
The omplete measurement onsisted in a san of a
retangular grid depited in Fig. 1(a) spanned by 800×40
points, where the rst number refers to the diretion per-
pendiular to the fringes. The orresponding mesh was
0.57 fs × 2 fs, and oinidenes were ounted for 3 s at
eah point. The reonstruted joint spetrum of pho-
ton pairs, normalized to unity, is depited in Fig. 4(a).
We ompare it with theoretial alulations plotted in
Fig. 4(b). The theoretial model used in these alu-
3(a)
(b)
Fig. 3. (a) Experimental setup. X, BBO rystal; MZ1,
MZ2, Mah-Zender interferometers; SPCM, single pho-
ton ounting module. (b) Common-path Mah-Zender
interferometer. HWP, half-wave plate; QP, quartz plate;
QW, quartz wedges; P, polarizer; L, aspheri lens; F,
single-mode ber.
Fig. 4. (a) Measured joint spetrum of photon pairs
〈: IˆA(λA)IˆB(λB) :〉 as a funtion of the wavelengths λA
and λB; (b) theoretial preditions of the joint spetral
intensity; the ross-setions of the theoretial (dashed
line) and the experimental (solid with dots marking er-
rors) distributions along the lines () λ−1
A
+ λ−1
B
= onst
and (d) λ−1
A
− λ−1
B
= onst passing through the maxi-
mum.
lations assumed the exat phase mathing funtion of
the nonlinear rystal. The transverse omponents of the
wave vetors for the pump and down-onverted beams
were treated in the paraxial approximation. The joint
spetrum was alulated for oherent superpositions of
plane-wave omponents of the down-onversion light that
add up to loalized spatial modes dened by the ollet-
ing optis and single-mode bers. In order to failitate
a more quantitative omparison, Figs. 4() and (d) show
the ross setions of the joint spetra along diretions of
maximum and minimum width in the frequeny domain.
In these plots, the experimental data have been inter-
polated between the points of the Fourier-domain grid,
and presented together with statistial errors alulated
assuming Poissonian noise aeting oinidene ounts.
In summary, we proposed Fourier spetrosopy for
measuring the joint spetrum of photons pairs, and
demonstrated its appliation to down-onverted light
generated in a type-I BBO rystal. The result of the
reonstrution agrees well with a areful theoretial al-
ulation of the joint spetrum. We were able to redue
substantially the overall duration of the measurement
by seleting the region of the interferogram whih on-
tains information about the relevant harateristis of the
spetrum. Finally, let us note that ompared to san-
ning spetrometers, Fourier spetrosopy exhibits higher
signal-to-noise ratio when detetion noise is dominated
by an additive ontribution. This eet, known as the
multiplex advantage,
13
is important in the ase of high
dark ount rates, whih is typial for single-photon mea-
surements performed at teleom wavelengths.
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